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Dirac electrons in graphene have a valley degree of freedom that is being explored as a carrier of
information. In that context of “valleytronics” one seeks to coherently manipulate the valley index.
Here we show that reflection from a superlattice potential can provide a valley switch: Electrons
approaching a pristine-graphene–superlattice-graphene interface near normal incidence are reflected
in the opposite valley. We identify the topological origin of this valley switch, by mapping the
problem onto that of Andreev reflection from a topological superconductor, with the electron-hole
degree of freedom playing the role of the valley index. The valley switch is ideal at a symmetry
point of the superlattice potential, but remains close to 100% in a broad parameter range.
Introduction — The precession of a spin in a magnetic
field has analogues for the pseudospin degrees of free-
dom that characterize quasiparticles in condensed mat-
ter. The K,K′ valley index of Dirac electrons in graphene
is a such a pseudospin — it is actively studied because
it might play a role as a carrier of information in “val-
leytronics”, the valley-based counterpart of spintronics.1
The analogue of the magnetic field for valley precession
can be provided by a superlattice potential:2–5 When
graphene is deposited on a substrate with a commen-
surate honeycomb lattice, the valleys are coupled by
the periodic modulation of the potential on the carbon
atoms.6–8 The coupling can be represented by an artifi-
cial magnetic field9 that rotates the valley pseudospin
as the electron propagates through the superlattice,2
analogously to the spin-rotation by an exchange field in
spintronics.10
Here we present a valley precession effect without a
counterpart in spintronics: A quantized 180◦ precession
angle upon reflection, such that the electron switches
valleys. This valley switch is analogous to Andreev re-
flection at the interface between a normal metal and a
topological superconductor.11 Andreev reflection is the
reflection as a hole of an electron incident on the su-
perconductor, which happens with unit probability if
the normal-superconductor interface contains a Majo-
rana zero-mode. The analogous effect happens in the
superlattice because of an anti-unitary symmetry that is
formally equivalent to the charge-conjugation symmetry
in a superconductor.
Graphene superlattice with anti-unitary symmetry —
We consider the Dirac Hamiltonian6–8
H =
V0 + µ vFp− 0 αvFp+ V0 − µ −β∗ 00 −β V0 − µ vFp−
α∗ 0 vFp+ V0 + µ
 . (1)
It acts on the spinor Ψ = (ψKA, ψKB,−ψK′B, ψK′A) that
contains the sublattice (A,B) and valley (K,K′) degrees
of freedom of a conduction electron moving in the x–y
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FIG. 1: Left panel: Hexagonal lattice of graphene, decorated
by a periodic potential modulation. Different colors distin-
guish the carbon atoms on the A and B sublattice, each of
which has an ionic potential VAn , VBn , n = 1, 2, 3, induced by
the substrate. The lattice constant a0 of the original hexag-
onal lattice is increased by a factor
√
3 in the superlattice.
Right panel: The Dirac points at the K and K′ points of
the original Brillouin zone of graphene (dashed hexagon) are
folded onto the Γ point at the center of the superlattice Bril-
louin zone (yellow hexagon).
plane of a carbon monolayer (graphene), with velocity
vF and momentum p = (px, py), p± ≡ px± ipy. In terms
of Pauli matrices σi and τi acting, respectively, on the
sublattice and valley indices, we may write
H = vF(pxσx + pyσy) + µτz ⊗ σz
+ 12 (τx ⊗ σx)Re (α− β)− 12 (τy ⊗ σy)Re (α+ β)
− 12 (τx ⊗ σy)Im (α− β)− 12 (τy ⊗ σx)Im (α+ β). (2)
For simplicity, we have shifted the zero of energy such
that V0 = 0.
An epitaxial substrate induces a periodic potential
modulation, which triples the size of the unit cell: it is
enlarged by a factor
√
3×√3 and contains six rather than
two carbon atoms. The parameters V0, µ (real) and α, β
(complex) are determined by the substrate potentials on
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2these six atoms.12 The Brillouin zone remains hexagonal,
but the two Dirac cones at opposite corners K, K′ of the
original Brillouin zone of graphene are folded onto the
center Γ of the superlattice Brillouin zone. Depending
on the relative magnitude of α, β, µ a gap may open or a
linear or quadratic band crossing may appear.6–8
If there is translational invariance in the y-direction,13
the momentum component py ≡ q is a good quantum
number and we may consider the Hamiltonian H(q) at a
fixed q. Time-reversal symmetry is expressed by
(τy ⊗ σy)H∗(q)(τy ⊗ σy) = H(−q), (3)
where the complex conjugation should also be applied to
the momentum operator px = −i~∂/∂x ≡ −i~∂x. Note
the sign change of q. An additional anti-unitary symme-
try without inversion of q exists if β∗ = α,
H(q) = vF(−i~σx∂x + qσy) + µτz ⊗ σz (4)
− (τy ⊗ σy)Reα− (τx ⊗ σy)Imα, if β∗ = α,
⇒ τxH∗(q)τx = −H(q). (5)
Topological phase transitions — The symmetry (5)
is formally identical to charge-conjugation symmetry in
a superconductor, where τx switches electron and hole
degrees of freedom. Because the symmetry operation
C = τxK (with K = complex conjugation) squares to
+1, it is symmetry class D in the Altland-Zirnbauer clas-
sification of topological states of matter.14,15 This cor-
respondence opens up the possibility of a phase tran-
sition into a phase that is analogous to a topological
superconductor16,17 — with the K and K′ valleys playing
the role of electron and hole.
The q-dependent topological quantum number Q(q)
of the Hamiltonian (4) follows from Kitaev’s Pfaffian
formula,18
Q(q) = sign Pf[τxH(q)]px=0. (6)
(The multiplication by τx ensures that the Pfaffian Pf is
calculated of an antisymmetric matrix.) We find
Q(q) = sign (v2Fq2 + µ2 − |α|2). (7)
The graphene superlattice is always topologically trivial
(Q = +1) for large |q|. However, provided that |µ| < |α|,
it is topologically nontrivial (Q = −1) in an interval near
q = 0. There is a pair of topological phase transitions at
q = ±qc, vFqc =
√
|α|2 − µ2. (8)
To probe the topological phase transition, we con-
tact the graphene superlattice at x = 0 and x = L by
pristine-graphene electrodes, heavily doped so that the
Fermi energy in the pristine graphene is high above the
Dirac point. By analogy with the conductance of a Ki-
taev wire,11 the 2 × 2 reflection matrix r in the large-L
limit should be fully diagonal in the topologically trivial
phase and fully off-diagonal in the topologically nontriv-
ial phase. In the superconducting problem this means
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FIG. 2: Top panel: Energy spectrum of superlattice graphene
with Hamiltonian (4) at µ = 0.5, α = 1 = β (in units of
~vF/a0). Middle panel: Corresponding reflection probabili-
ties from a superlattice-graphene strip of length L = 10 a0
in the x-direction, connected at x = 0 and x = L to heavily
doped pristine-graphene electrodes. In the topologically non-
trivial regime near normal incidence (|q| < qc =
√|α|2 − µ2)
the reflection is completely into the opposite valley. Bottom
panel: Topological order parameter OL(q) = Det r, computed
from Eq. (10). The switch from intra-valley to inter-valley re-
flection lines up with the switch from OL(q) = +1 to −1.
that there is complete Andreev reflection from the topo-
logical superconductor. Here the analogue is a complete
valley switch: An incident electron in valley K is reflected
in the other valley K′ with unit probability when |q| < qc.
Valley switch — Let us see how this expectation is
borne out by an explicit calculation (detailed in the ap-
pendix). The energy spectrum of the Hamiltonian (4) is
shown in Fig. 2. The intervalley coupling splits the Dirac
cone at the Γ point into a pair of cones at k = (0,±qc)
which are gapped out if |µ| > |α|. The same figure shows
the E = 0 reflection probabilities |rK′K|2 and |rKK|2 with
and without a valley switch. We clearly see the transi-
tion from complete inter-valley to complete intra-valley
reflection at q = ±qc.
The analytical formulas that govern this transition are
simplest for the special case µ = 0, when qc = |α|/vF.
3We find the reflection matrix
r =
(
rKK rKK′
rK′K rK′K′
)
, rKK = rK′K′ = −Z−1 sinh 2qL,
rKK′ = r
∗
K′K = −iZ−1(α/|α|) sinh 2qcL, (9)
Z = cosh 2qcL+ cosh 2qL.
(We have set ~ ≡ 1.) In the topologically trivial
regime |q| > qc the off-diagonal elements of r vanish
∝ exp[−2(|q| − qc)L], while in the topologically nontriv-
ial regime |q| < qc it is the diagonal elements that vanish
∝ exp[−2(qc − |q|)L].
To confirm that the valley switch at |q| = qc is due
to a topological phase transition in a finite system, we
calculate the L-dependent topological order parameter19
OL(q) = Det r = − tanh(ξ−L) tanh(ξ+L),
ξ± = |α| ±
√
v2Fq
2 + µ2.
(10)
Unlike the Pfaffian invariant (6), the determinant (10)
crosses over smoothly from +1 to −1 in an interval
around |q| = qc. This interval becomes narrower and
narrower with increasing L, approaching the discontin-
uous topological phase transition in the infinite-L limit.
At |q| = qc the determinant of r vanishes, signifying the
opening of a reflectionless mode, a mode that is trans-
mitted with unit probability through the superlattice.
Robustness of the valley switch — The anti-unitary
symmetry (5) is broken if we move away from the symme-
try point β∗ = α. Let us find out how sensitive the valley
switch effect is to the symmetry breaking. The simplest
formulas appear for µ = 0. To quantify the magnitude of
the valley switch we calculate the ratio ρ = |rKK/rK′K|2
at q = 0. We find
ρ =
(|α|2 − |β|2)2
4|α∗Ξ + βΞ∗|2 , Ξ =
√
αβ coth(
√
αβL), (11)
→ 14 (|α| − |β|)2 |αβ|−1 for L→∞ if arg (αβ) 6= pi,
see Fig. 3 for a plot. Only the absolute value of the com-
plex amplitudes α, β enters in the large-L limit, provided
that αβ is not on the negative real axis (when reflection is
quenched by the opening of a propagating mode).20 The
valley switch happens with 100% probability if |α| = |β|,
but the ratio |α/β| may differ from unity by as much as
a factor of two and still 90% of the reflected intensity
at normal incidence happens with a valley switch. Fig.
4 shows that this robustness to variation of parameters
persists for µ 6= 0 – as long as µ < |α| ≈ |β|.
Concerning the robustness of the valley switch to disor-
der, we firstly note that forward scattering events which
only couple the transverse momenta within the topo-
logically nontrivial interval |q| < qc do not spoil the
topological protection. Secondly, large-angle scattering
with a mean free path longer than the penetration depth
ξ = 1/qc into the superlattice will also not affect the
valley switch.
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FIG. 3: Plot of the fraction 1/(1 + ρ) = |rK′K|2/(|rKK|2 +
|rK′K|2) of the reflected intensity at normal incidence (q = 0)
that is reflected in the opposite valley, calculated from Eq.
(11). The reflection with valley switch happens at close to
unit probability provided that the product αβ stays away
from the negative real axis.
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FIG. 4: Reflection probabilities from the superlattice-
graphene strip with and without a valley switch, for four val-
ues of µ. The parameters α, β are quite far from the ideal
symmetry point β∗ = α, but still the reflection near nor-
mal incidence happens predominantly in the opposite valley
(|rK′K|2 ≈ 1) provided µ < |α| ≈ |β|.
Conclusion — We have presented a topological mech-
anism that switches the K,K′ valley index of Dirac
fermions in graphene. Unlike scattering processes that
require control on the atomic scale, such as intervalley
reflection from an armchair edge, our valley switch relies
on the long-range effect of a superlattice potential.
The valley switch is protected by a topological invari-
ant, the Pfaffian (6), originally introduced by Kitaev to
describe a topologically nontrivial superconductor.18 Be-
cause of this topological protection the switch happens
with 100% probability even in the presence of a large
Fermi energy mismatch at the interface with the super-
lattice. It is analogous to the 100% Andreev reflection
from a Majorana zero-mode, which is also unaffected
by a Fermi energy mismatch at the interface with the
superconductor.11
We have identified the symmetry point of the super-
lattice Hamiltonian at which an anti-unitary symmetry
appears that is analogous to charge-conjugation symme-
try in a superconductor, and we have checked that the
valley switch remains close to 100% in a broad parameter
range around that symmetry point. We expect that the
4analogy between intervalley reflection and Andreev re-
flection revealed in this work can provide further useful
additions to the valleytronics toolbox.1
Acknowledgements — This research was supported
by the Netherlands Organization for Scientific Research
(NWO/OCW) and by an ERC Synergy Grant. ED was
sponsored by a Fulbright grant.
Appendix A: Calculation of the scattering matrix of
the graphene superlattice
The calculation of the scattering matrix of the
graphene superlattice region 0 < x < L, sandwiched
between heavily doped pristine-graphene contacts, pro-
ceeds as follows. (See Refs. 21,22 for similar calculations
in graphene.)
We start from the Dirac Hamiltonian H(px, py), given
by Eq. (2). We consider solutions of the Dirac equa-
tion HΨ = EΨ at energy E that are plane waves in the
y-direction, Ψ(x, y) = Ψq(x)e
iqy. The four-component
spinor Ψq(x) in the region 0 < x < L is a solution of
∂
∂x
Ψq(x) = Ξ(q)Ψq(x), Ξ(q) = iv
−1
F σx[E −H(0, q)],
(A1)
resulting in the transfer matrix
Ψq(L) = T (q)Ψq(0), T (q) = eΞ(q). (A2)
The next step is to transform to a basis of right-moving
and left-moving modes in the contact regions x < 0, x >
L. The Dirac Hamiltonian in those regions is
Hcontact = vF(pxσx + pyσy)− Vdoping. (A3)
[We use the same valley-isotropic basis Ψ =
(ψKA, ψKB,−ψK′B, ψK′A) as in Eq. (2).] In the limit
Vdoping → ∞ of infinitely doped contacts the right-
moving modes Ψ+(x, y) and left-moving modes Ψ−(x, y)
are given for x < 0 by
Ψ+ = c
+
Ke
ikx+iqy
(
1
1
0
0
)
+ c+K′e
ikx+iqy
(
0
0
1
1
)
,
Ψ− = c−Ke
−ikx+iqy
(
1−1
0
0
)
+ c−K′e
−ikx+iqy
(
0
0
1−1
)
,
(A4)
with vFk = Vdoping → ∞. The same expression with
x 7→ x− L applies for x > L.
The transfer matrix in the basis (c+K, c
−
K, c
+
K′ , c
−
K′) is
T˜ (q) = HT (q)H, H = 1√
2
(
1 1 0 0
1 −1 0 0
0 0 1 1
0 0 1 −1
)
. (A5)
After this “Hadamard transform”22 we can directly read
off the elements of the reflection matrix r from the x = 0
interface,
r =
(
rKK rKK′
rK′K rK′K′
)
= −(T˜−−)−1 · T˜−+, (A6a)
T˜−− =
(T˜22 T˜24
T˜42 T˜44
)
, T˜−+ =
(T˜21 T˜23
T˜41 T˜43
)
. (A6b)
The final results are lengthy and not recorded here, but
they are easily derived using a computer algebra system.
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